N 1s x-ray absorption study of the bonding interaction of bi-isonicotinic acid adsorbed on rutile TiO 2 (110) J. Chem. Phys. 112, 3945 (2000) Single phase TiO 2 thin films, of either rutile or anatase structure, have been prepared on SrTiO 3 ͑STO͒͑100͒ substrates by in situ pulsed laser deposition ͑PLD͒. Thermodynamically unfavorable, for films deposited on STO͑100͒ substrate directly, pure anatase TiO 2 ͑00l͒ films were formed even when a rutile TiO 2 ͑110͒ substrate was used as a target. On the other hand, pure rutile TiO 2 ͑110͒ films were obtained by oxidizing PLD TiN films in-situ at temperatures higher than 700°C. The optimized deposition conditions for preparing TiN and TiO 2 films were reported. The crystalline structure, surface morphology, and electronic structure of these films were examined. A mechanism of the process of film formation is also proposed.
I. INTRODUCTION
Titanium dioxide ͑TiO 2 ͒ thin films have been studied and used extensively 1-6 since it possesses many unusual properties such as excellent optical transmittance ͑Ͼ85%͒ in visible and near infrared wavelength, high index of refraction ͑nϭ2.35 at 550 nm͒, high chemical stability, and mechanical durability. The widespread applications of TiO 2 films include: ͑a͒ antireflecting and protective coating on optical elements, ͑b͒ capacitors or gates in microelectronic devices, ͑c͒ gas and humidity sensors, and ͑d͒ optical waveguide in integrated optics. Recently, it has been found that, due to its large dielectric constant ͑ r ϭ105 at 4.2 K͒ and low tangential loss ͑tan ␦ϭ10 Ϫ7 at 4.2 K͒, 7, 8 TiO 2 might be an important material in depositing high T c superconducting YBa 2 Cu 3 O 7 ͑YBCO͒ films for microwave applications. Moreover, since YBCO͑001͒ can grow on TiO 2 -templated Sr TiO 3 ͑STO͒͑110͒ substrate, it is possible to grow YBCO͑103͒/YBCO͑001͒ biepitaxial junctions on a STO͑110͒ substrate. Research toward this direction is in progress. Finally, it is also a good buffer layer for obtaining high quality CrO 2 9 and LaSrMnO 3 10 films, which might be of vital importance for emerging spintronics application. 11 Crystalline TiO 2 exists in three phases: anatase, rutile, and brookite. Single phase TiO 2 thin films with well controlled orientation and smooth surface morphology are essential for studying the properties of respective phases and for practical applications. According to the phase diagram of TiO 2 , 12 the rutile phase is thermodynamically preferred at high temperature and it is expected that no pure anatase phase can exist at temperatures higher than 650°C. However, epitaxial growth of pure anatase TiO 2 films is highly desirable because the anatase form has been shown to have higher photocatalytic activity than rutile for certain reaction. [13] [14] Chen et al. 15 have used the metalorganic chemical vapor deposition technique to prepare monophasic anatase and rutile films on STO and sapphire substrates, respectively. They showed that the pure anatase phase can be grown on STO͑100͒ even when the substrate temperature T s was higher than 900°C. This indicates that substrate structure can play a significant role in controlling the heteroepitaxial growth of TiO 2 films.
The deposition of TiO 2 thin films by pulsed laser deposition ͑PLD͒ has been reported previously. 16 -18 The structural properties, crystallinity, and the surface morphology of the TiO 2 films deposited on Si, MgO, and sapphire substrates under various deposition conditions such as oxygen partial pressure P O 2 and substrate temperature were investigated. Generally speaking, the structure of the obtained films is strongly dependent on the substrate used, substrate temperature, and the gas pressure. In this article, we shall first describe the optimized conditions for obtaining single phase anatase and rutile TiO 2 films deposited on STO͑100͒ substrate by PLD. The crystalline structure, surface morphology and electronic structure of these films, which were examined by x-ray diffraction ͑XRD͒, atomic force microscopy ͑AFM͒, and x-ray absorption spectroscopy ͑XAS͒, respectively, will be presented. The phase formation mechanisms for each process are also elucidated.
II. EXPERIMENTAL DETAILS
The PLD system used for preparing the TiN and TiO 2 films is the same as that reported previously. 19 Briefly, a KrF excimer laser operating at a repetition rate of 3-8 Hz with an a͒ Author to whom correspondence should be addressed; electronic mail: cchsieh.ep90g@nctu.edu.tw energy density of 2-5 J/cm 2 was used. The target for preparing TiN films was a hot-pressed TiN ͑99.9%, purity͒ pellet while that for preparing anatase TiO 2 films was a 10-mmdiam rutile TiO 2 ͑110͒ single crystal. The T s was monitored by a thermocouple attached to the substrate holder. The system was operated in the temperature range of 25-1000°C and the nitrogen ͑oxygen͒ partial pressures range of background pressure ͑5ϫ10 Ϫ6 Torr at 780°C͒ to 0.5 Torr to optimize the deposition conditions for various films investigated in this study.
The crystalline structure of the films was examined by XRD ͑Rigaku D/max-rc/ru200b͒, using Cu K␣ radiation. The surface morphology of the films was investigated by means of AFM ͑Digital Instruments DI 5000͒, and scanning electron microscopy. The electronic structure of the TiO 2 films was examined by XAS, using the 6 m high-energy spherical monochromatic ͑HSGM͒ beam line at Synchrotron Radiation Research Center ͑SRRC͒, Taiwan, Republic of China.
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III. RESULTS AND DISCUSSION
A. Preparation of rutile TiO 2 thin films
To prepare the rutile TiO 2 films, TiN films were deposited on the STO͑100͒ substrate at first, using a laser energy density of 5 J/cm 2 and a repetition rate of 5 Hz. The deposition rate under these conditions was about 0.02 nm/pulse. The blue plume could be easily observed during ablation. The T s was varied from 600 to 800°C and the nitrogen partial pressures P N 2 was varied from background pressure ͑5 ϫ10 Ϫ6 Torr at 700°C͒ to 0.1 Torr. Figure 1 shows the XRD patterns of the TiN films deposited at various T s while keeping the pressure at background pressure. Figure 2 shows the XRD patterns of the TiN films deposited at various P N 2 while keeping T s at 700°C. The best TiN films ͑consider the crystallinity͒ were obtained under the background pressure and at T s ϭ700°C. The resistivity versus temperature curve, XRD pattern, and AFM image of a typical PLD TiN film deposited at the optimized conditions were shown in Figs. 3͑a͒-3͑c͒, respectively. The as-deposited film was about 60 nm thick and was shiny golden yellow in appearance. The resistivity of the film ͓Fig. 3͑a͔͒ was less than 2⍀ cm at 77 K. The nearly perfect metallic behavior and the diminishingly small residual resistance below 20 K are indicative of almost impurity-free crystallinity. The full width at half maximum ͑FWHM͒ of the -2 diffraction peak for TiN͑200͒ was about 0.18°͓Fig. 3͑b͔͒. The surface morphology as revealed by AFM ͓Fig. 3͑c͔͒, shows an average grain size of about 50 nm with an atomically smooth surface. The root mean square ͑rms͒ roughness of the surface was estimated to be about 0.2 nm. The PLD TiN films were then in situ oxidized at various T s ranging from 500 to 900°C for 60 min. The oxygen partial pressure for the oxidation process was 5 Torr. Figure 4͑a͒ shows the XRD results for films annealed at different temperatures. For T s at ͑and below͒ 500°C, the TiN͑200͒ peak persisted and no TiO 2 peak was found. This implies that the oxidation rate is too slow under the oxidation condition to convert TiN film into TiO 2 . 21 For T s ϭ600°C, the TiN͑200͒ peak disappeared but no apparent diffraction peak corresponding to TiO 2 was found. The TiO 2 films formed at this temperature might be amorphous. The pure rutile ͑110͒ peak appeared when T s was raised up to 700°C. The intensity of the peak increased and the FWHM of the peak decreased with increasing T s . Figure 5͑a͒ shows a typical AFM image of TiN films oxidized at 800°C. The grain size of the rutile TiO 2 thus obtained is about 400 nm, which is much larger than that of the original TiN films. A greater variation in roughness ͑rms roughness ϳ0.8 nm͒ can also be observed in the figure. The change of surface roughness may have resulted from the large volume expansion during oxidation.
B. Preparation of anatase TiO 2 thin films
In order to reduce particulates landing during PLD, a 10-mm-diam rutile TiO 2 ͑110͒ single crystal substrate was used as the target. The laser parameters for depositing TiO 2 films were the same as those for depositing TiN films. The T s was varied from 25 to 1000°C ͑limited by heater͒ and the P O 2 was varied from background pressure ͑5ϫ10 Ϫ6 ͒ to 0.1 Torr. The deposition rate was about 0.05 nm/pulse. Figure 6 shows the T s dependence of XRD patterns of the TiO 2 films at P O 2 ϭ0.01 Torr. Figure 7 shows the P O 2 dependence of XRD patterns of the films at T s ϭ800°C. It was found that when the TiO 2 films was deposited on STO͑100͒ by direct ablation of the TiO 2 target, the anatase phase was formed over a wide range of deposition parameters. Pure anatase TiO 2 films were obtained for T s ranging from 200 to 1000°C and P O 2 ranging from background ͑5 ϫ10 Ϫ6 ͒ to 0.1 Torr. However, the best films were obtained at T s ϭ800°C and P O 2 ϭ10
Ϫ2 Torr. Figure 5͑b͒ shows the AFM image of an 60-nm-thick TiO 2 thin film deposited at the above-mentioned conditions. The surface morphology shows an average grain size of about 50 nm. The rms roughness of the surface was about 0.25 nm. It seems that, although the phase is different, the surface is very smooth for both PLD TiN transferred TiO 2 and PLD TiO 2 films. As an independent check, both forms of TiO 2 films were further examined by means of XAS measurements. The XAS experiments on the O 1s and Ti 2p spectra were performed on the 6 m HSGM beam line at the SRRC. 19 The spectra were recorded in both total-electron yield ͑TEY͒ mode and x-rayfluorescence yield mode, which revealed the surface and bulk properties, respectively. 22 Figures 8͑a͒-8͑e͒ and 9͑a͒-9͑e͒ show the O 1s and Ti 2p spectra for ͑a͒ standard rutile TiO 2 powder, ͑b͒ rutile TiO 2 ͑110͒ substrate, ͑c͒ TiO 2 films transformed from PLD TiN films, ͑d͒ standard anatase TiO 2 powder, and ͑e͒ direct PLD TiO 2 films, respectively. The position and intensity of the peaks in the spectra have been calculated and assigned in. [23] [24] [25] [26] For the O 1s spectra, it can be roughly divided into two regions. The first region covers the energy range 530-537 eV and is attributed to the O 2p state hybridized to Ti 3d states. The Ti 3d region is split by a crystal field effect and is characterized as a doublet. The second region, above 537 eV, is attributed to the O 2p states hybridized to Ti 4sp bands. As shown in Fig. 8 , although the peaks lying in the first region have no significant difference between rutile and anatase, there does exist differences in the peaks lying in the second region. At this higher energy region, rutile exhibits three peaks C1, C2, and C3 while anatase shows only two peaks C1 and C2. On the other hand, the significant difference in the Ti 2p spectra ͑Fig. 9͒ for rutile and anatase is the relative intensity of peaks P1 and P2. The intensity of peak P1 is higher than that of peak P2 for rutile while the opposite trend is true for anatase. 23, 26 The obtained intensity variations of these spectra are consistent with those measured by Brydson et al. 26 and de Groot et al. [27] [28] [29] and evidently indicate that the TiO 2 films are indeed pure anatase or rutile phase.
C. Discussion
From the above results, it is clear that either pure anatase or pure rutile TiO 2 films have been evidently obtained on the STO͑100͒ substrate. As mentioned in Sec. I, without taking the substrate effect into account, rutile is the thermodynamically stable phase of TiO 2 at temperatures higher than 650°C and should be the predominant phase above this temperature. However, for the case of TiO 2 films deposited on STO͑100͒ directly, anatase TiO 2 was formed even when T s ϭ1000°C. It suggests that anatase may be kinetically stable under this deposition condition. This additional stability can be understood by examining the lattice constants and ͑001͒ planar structures of the STO and anatase TiO 2 . Figure 10 shows the crystallographic structures of STO and TiO 2 . As shown in Fig. 10͑a͒ and anatase TiO 2 ͑001͒ may also play an important role. In this scenario one expects that during the initial stage of film growth the arriving Ti and O atoms will tend to align themselves with the existing Ti and oxygen sublattices of the STO substrate. This process naturally leads to the formation of ͑001͒ anatase phase despite that it is not a thermodynamically favorable phase. It is remarkable that the anatase TiO 2 ͑001͒ film can be stabilized by STO͑100͒ substrate and sustained to such high temperatures. Now let us consider the case of the oxidation of PLD TiN films. Since the oxidation proceeds into the bulk from the surface, this process is expected to have much weaker relevance to the effect of substrate. Therefore, the rutile TiO 2 phase is the preferred phase when the TiN is oxidized at temperatures higher than 650°C. If we further compare the crystallographic structure of TiN ͑001͒ and rutile TiO 2 ͑110͒ ͑as depicted in Fig. 11͒ , we found that the relative configuration of Ti atoms remains almost intact with only a slight change in interatomic distance. Since a much higher activation energy is required for moving the Ti atoms, 28 the oxidation ought to proceed by keeping Ti atoms remaining in the vicinity of their original location while the migration and desorption of N atoms and the intake of O atoms and formation of rutile Ti-O bonding take place. In this scenario, rutile TiO 2 ͑110͒ is the most preferred phase and orientation for the oxidation of TiN͑100͒ films. of the TiO 2 target directly while the rutile phase was prepared by PLD of TiN film and then oxidized it in situ in the vacuum chamber. The formation of anatase TiO 2 ͑00l͒ films on the STO͑100͒ substrate at temperatures up to 1000°C indicates that the structure and orientation of the substrate may have played an important role in controlling the phase and orientation of the deposited films. On the other hand, since the oxidation starts from the surface of TiN films, rutile TiO 2 is preferred to form when the TiN was oxidized at temperatures higher than 700°C. The similar configuration of the Ti atoms on the TiN͑001͒ plane and rutile TiO 2 ͑110͒ plane explains the preferred orientation of TiO 2 ͑110͒ observed in the present study. FIG. 11 . ͑a͒ The three-dimensional view of the crystallographic structures of TiN͑100͒ and rutile TiO 2 ͑110͒. ͑b͒ The planar structure of TiN͑100͒ and rutile TiO 2 ͑110͒.
IV. SUMMARY
